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Mu¨nchen, GermanyABSTRACT Force-spectroscopic measurements of ligand-receptor systems and the unfolding/folding of nucleic acids or pro-
teins reveal information on the underlying energy landscape along the pulling coordinate. The slope Dxz of the force-dependent
unfolding/unbinding rates is interpreted as the distance from the folded/bound state to the transition state for unfolding/unbinding
and, hence, often related to the mechanical compliance of the sample molecule. Here we show that in ligand-binding proteins,
the experimentally inferred Dxz can depend on the ligand concentration, unrelated to changes in mechanical compliance. We
describe the effect in single-molecule, force-spectroscopy experiments of the calcium-binding protein calmodulin and explain
it in a simple model where mechanical unfolding and ligand binding occur on orthogonal reaction coordinates. This model pre-
dicts changes in the experimentally inferred Dxz, depending on ligand concentration and the associated shift of the dominant
barrier between the two reaction coordinates. We demonstrate quantitative agreement between experiments and simulations
using a realistic six-state kinetic scheme using literature values for calcium-binding kinetics and affinities. Our results have
important consequences for the interpretation of force-spectroscopic data of ligand-binding proteins.INTRODUCTIONForce spectroscopy is a powerful tool to probe the interac-
tions of ligand-receptor systems (1,2) or study the folding/
unfolding properties of nucleic acids or proteins (3–6).
Atomic-force microscopic as well as optical and mag-
netic-tweezers pulling experiments have elucidated the
equilibrium- and mechanostability of a variety of biomole-
cules (7–10).
Typically, experiments are run in constant-velocity mode,
where the molecule is stretched with constant pulling speed
or in passive mode, where the pulling apparatus is held at a
constant position (11). Alternatively, active (12) or passive
force clamps (13) allow collecting the lifetime of the
bond, i.e., the stability of the molecule as a function of
applied force. These force-dependent transition rates are
often displayed in a semilogarithmic rate, log(k)-vs.-force,
F diagram. In recent years, a number of models have been
put forward to relate the shape of the log(k)-vs.-F curve to
the underlying energy landscape, most commonly assumed
to be a trough for the bound/folded conformation, separated
by a barrier from the unfolded/unbound conformation. For
instance, a simple phenomenological Bell model assumes
that the position of the transition barrier does not change
with force, and that the shape of the barrier is unimportant.
It predicts a linear relationship between the logarithm ln(k)
and F (14):Submitted February 25, 2015, and accepted for publication June 8, 2015.
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More elaborate models are based on assumptions about the
particular shape of the energy landscape and approximate
the Kramers solution for the first-passage time over the bar-
rier. These models, predict slight deviations from a linear
relationship (15–18).
In either model, the two most important parameters are
the zero-force intercept and the slope of the log(k)-vs.-F
curve (with additional parameters required for models based
on Kramers theory, resulting in a curved deviation from a
linear behavior). In unfolding measurements, the zero-force
intercept k0 is the rate constant for the transition in the
absence of force, i.e., the intrinsic unfolding rate. The slope
of the curve Dxz is interpreted as distance to the transition
state, i.e., the distance the molecule has to be stretched to
reach the equal-probability dividing surface between un-
folding/unbinding and folding/binding and is an indicator
of the specimen’s mechanical compliance. High values of
Dxz suggest a soft mechanical response, while low values
imply a brittle specimen.
Values for Dxz commonly range from subnanometers
(particularly for unfolding proteins rich in b-sheet structure
(5) or ligand-receptor interactions (1)) up to a few nanome-
ters for some proteins rich in a-helical structure (19–21).
Different values for Dxz have also been interpreted as evi-
dence for different conformations or pathway switches in
protein-unfolding experiments. In the case of mutants ofhttp://dx.doi.org/10.1016/j.bpj.2015.06.009
366 Stigler and Riefsperm whale apomyoglobin, for instance, a high value of
Dxz has been interpreted as evidence for the population of
a molten globule state (22).
The mechanical and thermodynamic stabilities of pro-
teins in the presence of small ligands or binding partners
have been of recent interest in force spectroscopic assays
(9,23,24). Here we demonstrate that ligand binding can be
an important factor modulating Dxz. We show experimental
data of a ligand-binding protein where Dxz changes with the
solution concentration of ligand. We then introduce a theo-
retical model to show that the change in Dxz can be attrib-
uted to a gradual shift of the dominant energy barrier from
the protein’s mechanically induced unfolding pathway to
unfolding initiated by unbinding of the ligand. Even though
changes in Dxz are drastic, interpretations in terms of
compliance changes would be misleading in this case.MATERIALS AND METHODS
Experimental materials
The isolated C-terminal domain of calmodulin (CaM34) was fused using
ubiquitin spacer proteins located N- and C-terminally to dsDNA handles
of 180 nm each, as described previously in Stigler and Rief (24) and Stigler
et al. (25). The handles were linked to micron-sized SiO2 beads that could
be manipulated in a custom-built dual-beam optical tweezers instrument
(7). Experiments were conducted in passive mode in 50 mM Tris pH 8.0,
150 mM KCl buffer supplemented with a glucose oxidase-catalase oxy-
gen-scavenger system and varying amount of CaCl2 or EDTA, where noted.
We routinely followed the folding/unfolding fluctuations of single proteins
for several minutes and analyzed a total of 26 molecules for CaM34 (on
average, four molecules per calcium concentration) and a total of 17 mol-
ecules for CaM12 (on average, three molecules per calcium concentration).
The reported data are weighted averages.Kinetic models
Kinetic simulations for CaM34 were performed according to the network
shown in Fig. 1 with states U0, U1, U2, N0, N1, and N2. The on-rate
constant for calcium was assumed to be kon ¼ 0.6  108 M1 s1. Macro-
scopic equilibrium constants for calcium binding to the native state wereFIGURE 1 Kinetic network model for the folding/unfolding of CaM34 as
presented in Stigler and Rief (24). The domain can exist in its calcium-free
form, with one calcium ion bound or with two calcium ions bound. In addi-
tion, each form can exist in a folded or unfolded conformation. Note that
due to cooperative binding, the one-calcium bound state is only sparsely
populated.
Biophysical Journal 109(2) 365–372K1 ¼ 105.32 M and K2 ¼ 106.21 M (26), and to the transition state,
KTS1 ¼ 104.8 M and KTS2 ¼ 1 M. The rates for binding and unbinding
of calcium at a calcium concentration [Ca2þ] were therefore
kN0/N1 ¼ kon,½Ca2þ, kN1/N0 ¼ kon,K1, kN1/N2 ¼ kon,½Ca2þ and
kN2/N1 ¼ kon,K2. It was assumed that the unfolded states never become
saturated with calcium in the considered range of concentrations: KU ¼
10 M. The rates kU0/U1 , kU1/U0 , kU1/U2 , and kU2/U1 were calculated
similarly to the corresponding rates for the native state with KU replacing
K1 and K2.
The folding/unfolding rates of the apo-state were taken from T-jump ex-
periments (kf,apo ¼ 4660 s1 and ku,apo ¼ 305 s1 (27). The zero-force
folding/unfolding rates for the calcium bound state were then calculated
as follows (24):
kN1/U1 ¼ ku;apo ,
K1
KTS1
;
KU
kU1/N1 ¼ kf ;apo ,KTS1;
K1K2
kN2/U2 ¼ ku;apo ,KTS1KTS2;
K2
kU2/N2 ¼ kf ;apo , UKTS1KTS2:
These rates were then subject to force according to a Bell model (Eq. 1) for
unfolding or a model including the compliance of the linkers for folding as
done previously in Stigler and Rief (24), with mechanical properties of the
dsDNA linkers set to experimentally determined conditions. The assumed
distances to the transition state for each individual transition for unfolding
and folding were Dxz ¼ Dxzapo ¼ 2.7 nm and DLzf ¼ DLzf,apo ¼ 20 nm.
In a simulation, trajectories were generated following the Gillespie algo-
rithm (28): The mean dwell time in a state s was calculated as
t ¼ 1=ðPdks/dÞ, where the index d incorporates all states into which s
can transition. A dwell time was drawn stochastically from an exponential
distribution with time constant t, and the subsequent state was decided ac-
cording to the branching ratio of the outgoing rates ks/d.
Simulations and calculations for CaM12 were performed identically, with
values K1 ¼ 104.62 M and K2 ¼ 105.17 M (26), and KTS1 ¼ 103.6 M,
KTS2 ¼ 1 M, kf,apo ¼ 13,000 s1, and ku,apo ¼ 3 s1 (24). The transition-
state distances for each individual unfolding/folding transition in Fig. 1
were chosen as Dxz ¼ Dxzapo ¼ 4 nm and DLzf ¼ DLzf,apo ¼ 20 nm.
This diffusion-limited binding model with force-independent macro-
scopic-binding constants adequately described the experimental data for
CaM12 and CaM34 (also see Stigler and Rief (29)).RESULTS
An apparent shift in transition-state position for a
calcium-binding protein
Our model protein, the calcium-sensor calmodulin (CaM),
is a small two-domain protein of 148 amino acids. Upon cal-
cium binding, CaM undergoes a conformational change that
exposes hydrophobic residues in its central linker region,
which is then capable of binding target peptides and eventu-
ally activating kinase signaling pathways (30). The individ-
ual protein domains are capable of folding independently
and have been widely studied as biophysical model systems
AB
FIGURE 3 Folding (open circles) and unfolding (solid circles) rate con-
stants for the transition between the unfolded and the long-lived folded
holo-state in CaM34. (A) Experimental values. (B) Simulated values. (Left
three columns) At varying calcium concentrations; (right column) folding
(open squares) and unfolding (solid squares) rate constants between the
unfolded and folded apo-states at 10 mM EDTA. (Dashed lines) Fits to
the unfolding rates according to Eq. 1 (see text).
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Ligand-Induced Transition-State Shifts 367for ligand-binding proteins (24–26,31–37). Both domains
consist of a pair of EF-hand folds, each of which is capable
of binding one calcium ion. The binding affinities and ki-
netics as well as the thermodynamic stability have been
extensively investigated in bulk (26,31–33) and in single-
molecule experiments (24,25,34).
We performed single-molecule optical tweezers pulling
experiments with the isolated C-terminal domain of calmod-
ulin (CaM34, consisting of EF-hands 3 and 4) in passive
mode as described in Stigler and Rief (24). We applied force
to the protein by pulling at its N- and C-termini, in the pres-
ence of calcium in solution. Under our experimental condi-
tions, CaM34 shows two-state folding at high calcium
concentrations between the unfolded conformation U and
a stable native holo-conformation N that was previously
shown to be occupied with two calcium ions (see Fig. 2)
(24,31–33). In a calcium range of z10–100 mM, an addi-
tional short-lived state appears with the same contour length
as N (asterisks in Fig. 2). It was shown previously that this
state is a calcium-free apo-form that unfolded before cal-
cium was bound (24).
Fig. 3 A shows experimental results for the force-depen-
dent transition rates between the unfolded state U and the
long-lived folded holo-state N at calcium concentrations
ranging from 10 mM to 10 mM. The slope of the unfolding
branch (solid circles) increases with increasing calcium con-
centrations. As the unfolding branch did not show any
robust curvature, we chose to fit the unfolding rates to a
Bell model (Eq. 1, dotted lines in Fig. 3) instead of one of
the more elaborate Kramers-based models. At each calcium
concentration, we obtained the slope Dxz, which is inter-
preted as the distance to the transition state. Fig. 4 A summa-
rizes the experimental values for Dxz as a function of
calcium concentrations (data points).FIGURE 2 Typical passive-mode equilibrium traces of CaM34 at three
different calcium concentrations. The protein fluctuates between the holo-
folded state (green) and the unfolded state (red) (24). (Asterisks) Transient
populations of the apo-state that unfold before calcium binds (24). The pop-
ulation of individual apo-states decreases with increasing calcium concen-
tration. Due to calcium-dependent stabilization of the holo-state, the forces
at which the protein is in equilibrium also increase with calcium. (Black
lines) Downsampled traces; (shaded lines) level identifications from a hid-
den Markov model (29). To see this figure in color, go online.As predicted from the rate plots, Dxz depends on the
calcium concentration with a value close to zero around
[Ca2þ] z
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K1K2
p
(with the macroscopic equilibrium con-
stants for calcium binding K1 and K2), where the long-
lived state first gets populated, continually increasing to
z2.7 nm at [Ca2þ] ¼ 10 mM, the highest concentration
we investigated. Interestingly, Dxz at high calcium concen-
trations closely resembles the Dxz value for the short-lived
folded state under calcium-free ([10]mM EDTA) conditions
(see Fig. 3 A).B D
FIGURE 4 Experimental values (data points) and simulation results
(lines) for the force-dependent kinetics of the long-lived folded state N in
CaM34 at varying calcium concentrations. Values at [0]mM Ca
2þ (squares)
are for the short-lived apo-state N*. (Continuous lines) Simulated values
for a realistic calcium on-rate constant of kon ¼ 0.6  108 M1 s1.
(Dashed line) Simulation for an assumed quasi-equilibrium with kon ¼
0.6  1010 M1 s1. (A and B) Slope Dxz value and zero-force extrapolated
rate constant k0u for unfolding. (C and D) Transition-state distance DL
z
f and
zero-force extrapolated rate constant k0f for folding. (Shaded area) Calcium
concentration is (
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K1K2
p
, so that the long-lived state is not populated.
The rate-constant data points in (B) and (D) were taken from Stigler and
Rief (24).
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folding, DLzf, from the force dependence of the folding tran-
sitions as a function of calcium concentrations (open circles
in Fig. 3 A). To achieve this, we employed a previously
introduced model that accounts for the stretching of the me-
chanical components during the folding transition (12). The
obtained values of DLzf and the zero-force extrapolated
folding rate constants k0f are shown in Fig. 4, C andD. Inter-
estingly, DLzf also changes with calcium concentration.
While Dxz increases, DLzf decreases. This behavior is ex-
pected for a transition over a single barrier as the two dis-
tances to the transition state should add up to the full
transition length.Ligand-dependent transition-state shift in a
model with one binding site
The underlying principles that drive the experimentally
observed change of Dxz with ligand concentration can be
illustrated in a simplified model of a ligand protein with
only one binding site. Assuming that the affinity of the
unfolded conformation for the ligand is low (i.e., the
unfolded conformation never exists in a ligand-bound
form), the effective kinetic network for this protein is
U#N#N; (2)
where U is the unfolded state, N* is the folded ligand-free
(apo), and N is the folded ligand-bound (holo) conforma-
tion. For simplicity, we assume that there is no direct transi-
tion between N and U. The transition kinetics between U
and N* describe folding/unfolding transitions and are,
hence, force dependent (see Introduction). We assume the
transitions between N* and N to be independent of force,
because there is no length change associated with ligand
binding. But they do depend on the ligand concentration
[L]. Fig. 5 shows the kinetic model in an energy landscape
representation for three different concentrations of [L].
For the following discussion, we assume strong and
diffusion-limited ligand binding. The force-independent
ligand-binding and unbinding rates are kon , [L] and koff,
respectively. Because of the tight binding assumption, koff
is generally slow. The force-dependent folding/unfoldingA B C
Biophysical Journal 109(2) 365–372rate constants between U and N* are kf,apo(F) and ku,apo(F),
respectively.
Because the unfolding transitions always pass over the
mechanical barrier between U and N* and the binding/un-
binding of ligand does not entail a mechanical response,
one could naively predict that the Dxz value that is measured
in single-molecule pulling experiments will not depend on
[L] and always assumes the value of the apo-state, Dxzapo.
However, the following discussion will show that this is
not the case, and that the presence of ligand indeed modu-
lates Dxz. In the following, we distinguish the two limiting
cases shown in Fig. 5, A and B.
First, at low ligand concentrations around KD ([L]T KD),
both ligand-binding and unbinding kinetics are on the order
of koff, i.e., slow. Starting in the holo-state N, the transition
state, i.e., the highest barrier, lies between N* and N. On a
projection onto the length coordinate, the transition
state is located at the native state and hence the measured
unfolding rates will be force independent (Fig. 5 A). The
measured unfolding rate can be estimated as the combined
rate of, first, ligand unbinding and, second, unfolding:
kN/N/Uzðk1u;apo þ k1off Þ1. Because we assumed tight
binding of the ligand, koff << ku,apo, such that
kN/N/Uzkoff : (3)
The value koff is independent of force, resulting in a Dx
z
value close to zero.
In the second case, at high ligand concentrations, ligand
rebinding from N* occurs quickly. Unbinding of ligand is
hence now no longer necessarily followed by unfolding
but likely by ligand rebinding (Fig. 5 B). The unfolding
rate will now additionally depend on the ratio of ligand re-
binding rate to unfolding rate,
kN/N/Uz
koff
kon , ½L ku;apo; (4)
where ku,apo is dependent upon force, resulting in a finite
Dxz ¼ Dxz > 0.apo
The two limiting cases of Eqs. 3 and 4 can also be derived
from a steady-state approximation for the combined unfold-
ing rate from the ligand-bound native state to the unfolded
state (38):FIGURE 5 Energy-landscape representations for
the kinetic network U#N#N at (A) low and (B)
high ligand concentrations and a force F that induces
unfolding of the apo-state. U represents the unfolded
state, N* is the apo-state, and N is the holo-state. The
Dxz value that is measured in force spectroscopy de-
pends on the ligand concentration (see text). (C) At
effectively zero ligand concentration ([L] << KD),
N will no longer be populated and the unfolding
pathway starts from N*. The measured Dxz will
hence be Dxzapo.
Ligand-Induced Transition-State Shifts 369kN/N/U ¼ koff , ku;apo
kon , ½L þ ku;apo: (5)
At low ligand concentration, kon , [L] << ku,apo, such that
binding/unbinding is not in equilibrium with unfolding
and Eq. 5 simplifies to Eq. 3, which is independent of force,
hence Dxzz 0.
At high ligand concentration, kon , [L]>> ku,apo, binding
kinetics are in equilibrium and Eq. 5 simplifies to Eq. 4. A
plot of solutions to Eq. 5 is shown in Fig. 6 A.
Because, in this model, unfolding is always preceded by
ligand unbinding, kN/N/U saturates at koff under high force
conditions, thus limiting the applicability of this model to the
low forces probed here (<10 pN). At higher forces, direct
unfolding from the ligand-bound state N would be expected,
such that kN/N/U would eventually exceed koff.
Within this model, we can also reproduce the expected
ligand-dependent transition between the regions of low
and high concentrations as well as the concurrent shift of
Dxz, by noting that Dxzfðv=vFÞlnk (18) and
v
vF
lnkN/N/Ux
v
vF
lnku;apoðFÞ

1þ ku;apoðFÞ
kon , ½L

: (6)
The resulting Dxz([L],F) is shown in Fig. 6 B, predicting a
zgradual shift of the measured Dx from zero at low ligand
concentration to its apo-value at high concentration.
Notably, this shift occurs even in a very simplistic model
and, following the mechanical compliance model, could
be falsely interpreted in terms of changing mechanical prop-
erties of the protein.
The model of Fig. 5 also predicts an additional regime at
very low concentrations ([L] << KD; see Fig. 5 C). In this
regime, the holo-state N is no longer populated and unfold-A B
FIGURE 6 (A) Analytical solutions for the effective unfolding rates in
the one-binding-site model according to Eq. 5 (lines). In this model, the
unfolding rates saturate at koff for high forces. Note that in experiments,
especially in passive mode, only a small force range is accessible, and
the predicted bending of rate-versus-force plots is therefore masked. To
make the plot comparable with kinetic simulations of CaM34, we chose
the parameters kon ¼ 0.6  108 M1 s1 and koff ¼ kon , K, with K ¼
106.21 M and ku,apo ¼ 305 s1. Data points are simulation results from
the full six-state model (see Fig. 3 B). (B) Extracted slopes of Dxz values
according to Eq. 6, calculated at a fixed force of 7 pN (dashed line).
Note that the experimentally accessible range is close to the ligand-concen-
tration-dependent midpoint force F1/2([L]), where folding and unfolding
rates are equal. (Continuous line) Dxz at F1/2([L]).ing starts directly from the apo-state N*. Trivially, in this
regime, the measured Dxz will be Dxzapo. It is important to
note that the analytical solutions in Fig. 6 only show the
pathway N/ N*/ U and, hence, do not reproduce this
regime with its dominant pathway N*/ U.Kinetic simulations reproduce the apparent shift
The experimentally obtained result of a ligand-dependentDxz
value that increaseswith increasing concentration is in accord
with the prediction made in the single-binding site model.
However, a more-precise quantitative description of the de-
tails of CaM34 unfolding with its two calcium-binding sites
requires a more-accurate model. We therefore performed
kinetic simulations in an adaptation of the previously intro-
duced six-state model (24) for individual domains of CaM
(see Fig. 1). In this model, the domain can exist in folded or
unfolded conformations (upper versus lower conformations
in Fig. 1). Further, each conformation can exist in a cal-
cium-free form, as well as bound to one or two calcium
ions. Whereas in the one-binding-site model the exact
pathway of unbinding and unfolding was dictated by the
network, the six-state model allows the stochastic occupation
of all states and pathways based on predetermined kinetic and
thermodynamic parameters (see Materials and Methods).
In our previous analysis of this six-state model (24) we had
assumed that calcium binding/unbinding is in quasi-equilib-
rium with respect to the folding/unfolding kinetics and
developed analytical expressions for the calcium-dependent
folding and unfolding rates fromU toN. This model assumed
that ligand binding/unbinding is much faster than folding/un-
folding transitions and, hence, the populations of the different
pathways for folding/unfolding via the apo, one-ligand, or
two-ligand bound states were solely based on the equilibrium
constants for ligand binding. This model accurately
described the calcium dependence of the zero-force folding
and unfolding rates N#U (24). However, being an equilib-
rium model, it did not predict the population of individual
short-lived apo-states that unfold before they bind ligand.
Here we modeled the binding/unbinding of calcium
as explicit kinetic steps with associated rate constants.
We assumed that calcium binding is diffusion limited,
with a force-independent rate constant of kon ¼ 0.6 
108 M1 s1, comparable to previous studies (24,36). The
calcium off-rates were calculated using koff ¼ KX , kon,
where KX is the equilibrium constant for calcium binding
to state X. Force was added to the model by extrapolating
the zero-force transition rates using established models
(see Stigler and Rief (24) and the Materials and Methods).
It is important to note that because, in this model, all confor-
mations share the mechanical properties of the apo-state, all
individual unfolding transitions in the model of Fig. 1 have
Dxz ¼ Dxzapo ¼ 2.7 nm. Similarly, all individual folding
transitions also share the same distance to the transition state
for folding: Dxz ¼ Dxzapo ¼ 2.7 nm and DLzf ¼ 20 nm.Biophysical Journal 109(2) 365–372
A B
370 Stigler and RiefThe simulations generated kinetic series of substates
of >106 transitions, which were then converted to a kinetic
sequence of state transitions between folded and unfolded
states (see Fig. 7) and analyzed in the same way as experi-
mental data. As in experiments, the dwell-time distributions
for the folded state were single-exponential under
EDTA ([Ca2þ] ¼ 0 mM) conditions and high calcium,
but double-exponential at low calcium concentrations of
z10–100 mM, due to the additional population of the
short-lived apo-states.
We repeated these simulations for each calcium concentra-
tion at a series of trap distances and generated force-depen-
dent transition-rate plots (Fig. 3 B). These force-dependent
kinetics agree well with the experimental data over a wide
range of calcium concentrations, and also reproduce the
experimentally observed calcium-dependent change in
slope. Fits to a Bell model yielded the apparent transition-
state distance for unfolding Dxz (see Fig. 4 A, continuous
line). Notably, even though Dxz was set by the model to be
2.7 nm for each of the unfolding transitions N0 / U0,
N1/ U1 and N2/ U2, in the kinetic network, the simula-
tions reproduced the experimentally observed calcium-
dependent shift of Dxz from close to 0 to 2.7 nm. In addition,
the simulations also reproduced the experimentally observed
change in DLzf (Fig. 4 C) as well as the measured zero-force
extrapolated rate constants (Fig. 4, B and D).
Based on considerations from the theoretical one-binding-
site model presented above (Fig. 5), we hypothesized that the
observed change inDxz is the result of a competition between
calcium-binding/unbinding and intrinsic unfolding kinetics.
Alterations in the calcium-binding kinetics are hence ex-
pected to affect the concentration dependence of Dxz.
Another set of simulations with 100 faster binding/unbind-
ing kinetics confirmed this prediction. In this case, both Dxz
andDLzfwere independent of calcium concentration (dashed
lines in Fig. 4,A andC). This can be readily understood in the
simple model of Fig. 5. Fast-exchange kinetics means that
the barrier between N* and N vanishes and the scenario of
Fig. 5 B holds for all concentrations [L]> KD. Nevertheless,
the zero-force extrapolated rate constants for folding and
refolding remained unchanged (Fig. 4, B and D).FIGURE 7 Simulated trajectories of transitions between folded and
unfolded states according to the model of Fig. 5 at forces where the folded
holo-state and the unfolded state are approximately equally populated.
(Asterisks) Short-lived apo-states (see Fig. 2).
Biophysical Journal 109(2) 365–372We expected to find such a calcium independence of Dxz
in calmodulin’s N-terminal domain CaM12 due to its faster
binding/unbinding kinetics (26). We therefore repeated cal-
culations from the simple binding-site model for published
and experimentally verified macroscopic binding constants
of CaM12 (Materials and Methods and Fig. 8 A). The model
predicted only a moderate change of Dxz for the holo-state
in the experimentally accessible range. Indeed, experiments
confirmed this prediction (data points in Fig. 8 B). A more
precise description using the six-state model also corrobo-
rated the result (lines in Fig. 8 B).DISCUSSION
Force-spectroscopic investigations of ligand-binding pro-
teins have so far mostly focused on the ligand-induced
stabilization of the native state. Only a few studies have ad-
dressed the mechanical implications of small ligand binding
on the compliance of the molecule (39,40). Here we started
addressing this issue with the consideration of a simplistic
model of stretching a protein with a single tight binding
site (i.e., with a slow off-rate) that shows very low affinity
for the ligand in its unfolded state.
This model predicted that the slope Dxz for the force-
dependent unfolding rates from the holo-conformation
strongly depends on the ligand concentration. At the lowest
concentration, just above KD, when the holo-state first gets
populated, Dxz is close to zero, and increases up to the finite
value of the apo-state at high ligand concentration.
The transition from low Dxz at low ligand to high Dxz at
high ligand is caused by a change of the dominant transition
barrier. At a saturating, high-ligand concentration, ligand
binding/unbinding occurs in equilibrium and unfolding is
triggered by stretching the protein to a certain distance
(Dxzapo). At a low-ligand concentration, however, the
chance of rebinding an ion to retain the stable holo-confor-
mation is low. The loss of ligand from the holo-state there-
fore becomes the rate-limiting step for unfolding. Hence, inFIGURE 8 Results for calmodulin’s N-terminal domain CaM12. (A) Shift
of Dxz values according to the simple model (see Fig. 6 B). (Dashed line)
Dxz measured at a fixed force of 7 pN. However, because the experimen-
tally accessible range is close to the calcium-dependent equilibrium
force F1/2([Ca
2þ]) for folding and unfolding, we also calculate Dxz at
F1/2([Ca
2þ]) (continuous line). (B) Experimental values (data points) and
simulation results (lines) according to the six-state model for CaM12.
(Shaded areas) Concentrations <KD z
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K1K2
p
, where the holo-state
does not get populated and the depicted solutions are invalid.
Ligand-Induced Transition-State Shifts 371this case, unfolding is triggered by the unbinding of the
ligand, resulting in a force-independent Dxz that is now
significantly smaller than the value at saturating ligand.
This shift of transition-state position is a natural conse-
quence of the competing processes of ligand binding/un-
binding and folding/unfolding of the protein that arises
without invoking any structural switches within the protein.
This predicted effect was then experimentally confirmed
using the two-binding site protein CaM34, and also quantita-
tively reproduced with a kinetic simulation model.
Following the compliance interpretation for Dxz, our exper-
imental result would suggest that CaM34 becomes mechan-
ically softer at higher calcium concentrations in the sense
that it needs to be stretched more to unfold. However, this
apparent mechanical softening is at odds with the result
that the thermodynamic stability of CaM34 increases with
increasing calcium concentration (24,33). Indeed, a softer
mechanical response for a thermodynamically more stable,
two-calcium, saturated structure is counterintuitive.
The example of CaM34 also helps to visualize the kinetic
competition that leads to the pathway switch: supposewe start
in the stably folded native conformationwith the two-calcium-
ion-bound N2. At low calcium concentrations of 10 mM, the
calcium off-rate is Kon , K2 z 37 s
1. As visualized in the
model of Fig. 1, the loss of one calcium ion places the protein
in state N1. Here, several pathways compete: rebinding of cal-
cium (N1/ N2), unfolding (N1/U1), or the loss of another
calcium (N1/ N0). At typical forces of 6 pN, the rate con-
stant of unfolding (z4900 s1) exceeds the rate constants
for rebinding (600 s1) or second ion loss (z290 s1) by
almost an order of magnitude. Hence, in a considerable num-
ber of events, the loss of a calcium ion triggers unfolding.
Because the unbinding of calcium is independent of the
applied force, the unfolding rates are also force independent,
resulting in a lowDxz. The situation is different at high calcium
concentration. Here, upon loss of a calcium ion, rebinding is
much more likely than unfolding (6  105 s1 vs. 4900 s1
at [Ca2þ] ¼ 10 mM). In this case, the loss of calcium no
longer induces unfolding and, consequently, the value of Dxz
is close to the calcium-free value of 2.7 nm.
Remarkably, the simple one-binding site model is in good
qualitative agreement with the measured and simulated shift
of Dxz in the two-binding-site protein CaM34 (compare
analytical results of the one-state model (lines) with simula-
tion results of the kinetic six-state model (data points) in
Fig. 6 A). Essentially, this is a direct consequence of the cal-
cium-binding cooperativity in CaM34, with K1 ¼ 105.32 M
and K2 ¼ 106.21 M (26). Effectively, the unbinding of
the second calcium ion, i.e., the transition N2/ N1, corre-
sponds to the barrier that becomes rate limiting at low cal-
cium concentrations (see Fig. 5).
It is important to note that the force sensitivity of transition
rates always reports on the true dominant barrier of unfolding/
folding. At low concentrations, this rate-limiting barrier is
located at the unbinding/binding step of ligand whereas, athigh concentrations, it is determined by mechanical stretch-
ing of the protein (compare Fig. 5, A and B). Because the
association and dissociation of ligand does not result in a
measurable length change within the protein structure, the
ligand-associated barrier that dominates at low concentration
projects to a near-zero value of Dxz on the length axis. Our
results therefore complement theoretical work that addressed
a similar situation inwhich the effective transition barrier was
hidden in the projection onto the pulling coordinate (41).
Crucially, an interpretation of the experimental result
based on the compliance picture of mechanical folding
alone would lead to the paradoxical conclusion that the pro-
tein is brittle at a low ligand concentration and becomes
simultaneously mechanically softer and thermodynamically
more stable with increasing concentration. The measured
Dxz value is therefore not a truthful reporter on the compli-
ance of the protein’s folded structure.CONCLUSION
The effect we describe here can, in principle, affect the
analysis of all ligand-binding proteins and should hence
be considered for the interpretation of force-spectroscopic
mechanostability data. Nevertheless, while important for
the interpretation of specific proteins, we cannot give a gen-
eral rule for the appearance of this effect for all ligand-bind-
ing proteins. The prerequisite for its manifestation is a
ligand-binding/unbinding kinetics that is similar in magni-
tude to the folding/unfolding kinetics. Ligand-binding/un-
binding processes that are generally fast, compared to the
folding/unfolding kinetics, will mask the effect, as shown
in our simulations. For instance, the N-terminal domain of
calmodulin CaM12 has faster ligand unbinding kinetics
and showed only a very moderate shift of the holo-state’s
Dxz, both in simulation and experiments (Fig. 8). Whenever
experimentally feasible, the ligand-free Dxzapo can be ob-
tained under zero-ligand conditions.
Even more complex behavior is expected when binding
models of multimeric ligands are considered. Such systems
have recently been investigated in protein binding to DNA
(42,43), and have shown that dissociation events of individ-
ual subunits result in an overall concentration-dependent
off-rate (44). An expansion of the illustrated framework
allows us to also address the behavior in the case of multi-
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